This paper reports the study of an Optical Fourier Domain Imaging (OFDI) setup for optical coherence tomography. One of the main drawbacks of OFDI is its inability to differentiate positive and negative depths. Some setups have already been proposed to remove this depth ambiguity by introducing a modulation by means of electro-optic or acousto-optic modulators. In our setup, we implement a piezoelectric fiber stretcher to generate a periodic phase shift between successive A-scans, thus introducing a transverse modulation. The depth ambiguity is then resolved by performing a Fourier treatment in the transverse direction before processing the data in the axial direction. It is similar to the B-M mode scanning already proposed for Spectral-Domain OCT 1 but with a more efficient experimental setup. We discuss the advantages and the drawbacks of our technique compared to the technique based on acousto-optics modulators by comparing images of an onion obtained with both techniques.
INTRODUCTION
In Fourier-Domain OCT (FD-OCT), the signal is collected as a function of the wavelength and the spatial information is recovered by Fourier transform. Two kinds of setups can be used. The first one is called SpectralDomain OCT (SD-OCT) and uses a broadband source while relying on detection with a spectrometer to separate the spectral components.
2, 3 The second one is Optical Fourier Domain Imaging (OFDI) 4 also known as Swept Source OCT (SS-OCT). In this case, the spectral components are separated at launch with a wavelength-swept source. In both cases, the main drawback is that, since it is a real signal that is acquired, the Fourier transform is symmetric around the origin. Therefore, one cannot distinguish the positive depth from the negative depth. Additionally, autocorrelation terms in the recording signal lead to a spurious component at zero frequency (DC artefact). For OFDI, some setups have already been proposed to remove this depth ambiguity by shifting the frequency by means of electro-optic 5 or acousto-optic modulators. 6, 7 In SD-OCT, one solution that uses B-M scanning with a mirror mounted on a piezoelectric transducer has been proposed by Yasuno et al. 1 A phase shift is introduced between consecutive A-scans to generate a transverse modulation that is used to remove both the depth degeneracy and the DC artefact. In Ref. 1 the experimental setup does not allow discrete increments in phase shift. Consequently, a triangular ramp is used that generates other artifacts that require further data processing to be removed. Here, we implement B-M type scanning with a piezoelectric fiber stretcher in our OFDI setup. This is the first reported demonstration of B-M scanning for an OFDI system. The use of a fiber stretcher improves over Ref. 1 by allowing the fast generation of discrete steps in the phase shift generated between A-scans. This avoids the introduction of additional artifacts and leads to a more efficient technique. The next section is dedicated to our experimental setup. Then, the signal processing technique is described showing examples on different samples. Finally, we also present the advantages and drawbacks of such a technique compared to the technique using acousto-optics modulators. 
EXPERIMENTAL SETUP
Fourier-Domain OCT has concentrated a lot of researchers' efforts in recent years. The two main advantages of this technique is that there is no moving part in the reference arm and that it provides a better signal-to-noise ratio than Time-Domain OCT. 8 As written in the introduction, two kinds of setups may be used in FD-OCT. In our institute, this is an OFDI setup which is used (see Fig. 1 ). More precisely, it is a Mach-Zehnder fiber-based interferometer. The source is a Thorlabs swept-source with a 1325 nm center wavelength and a 85 nm FWHM. The theoretical axial resolution is δz = 9.1 µm in air. The A-scan rate is 16 kHz when using both the backward and the forward wavelength scans. The setup can either be fitted with acousto-optic modulators (AOMs) or with a piezoelectric fiber stretcher (PFS). The AOMs used in our setup are bulk AOMs from IntraAction. The frequency of the first one is 70 MHz whereas for the second one the frequency is 80 MHz which yields to a 10 MHz frequency shift between the two arms of the interferometer. This frequency shift allows us to remove the depth ambiguity as it was shown in Yun et al. 6 and Davis et al.
7
The PFS is from Optiphase (PZ1-STD-FC/APC ). Around 10 m of fiber are wound around a cylindrical piezoelectric transducer. Figure 2 gives the shape of the low voltage applied to the PFS. The PFS drive voltage is adjusted to achieved a π/2 phase shift between two consecutive forward wavelength scan interferograms. The system operates at a reduced rate of 8 kHz since we only use the forward wavelength scans. 3. SIGNAL PROCESSING
Theory
The signal processing is basically the same as the one used in Yasuno et al. 1 It has some similarity with phase shifting interferometry. It can be illustrated with the simple case of a single reflector. For a B-scan, a simplified version of the interferometric signal is:
where k 0 is a constant that includes the autocorrelation terms, k x is linked with the phase shift introduced by the PFS, x is the transverse position, k ν is linked with the wavelength sweeping of the source and ν is the optical frequency.
We, first, compute the transverse Fourier transform (along x):
where u is the Fourier conjugate of x, k 0 δ(u) is the DC component, the second term on the right hand side is the OCT data, and the last term is the complex conjugate of the second one. A high-pass filtering with a rectangular window is then performed to keep only the data corresponding to the OCT signal to yield:Î
Then, we compute the inverse transverse Fourier transform
Finally, the axial Inverse Fourier transform is evaluated:
where z is the Fourier conjugate of ν and corresponds to the depth position. To obtain the OCT image, we keep the amplitude of the complex numberÎ(x, z) obtained in equation 5. Figure 3 provides an example of signal processing for measurements performed on a fixed sample. In this case, 2048 A-scans of 1024 points were acquired at the same point (i.e. without transverse motion of the optical probe), with a π/2 phase shift introduced between successive A-scans. It shows that this technique enables to remove the DC artifact and to greatly reduce the mirror image.
Example with a fixed mirror as a sample

Evolution of the artifact removal as a function of the transverse step
The transverse step must be carefully chosen in order to provide an efficient removal of the mirror image artifact. Figure 4 shows images of an onion obtained with transverse steps from 0.6 µm to 6.4 µm. The sample is placed below the zero delay position in order to evaluate how the mirror image is attenuated. Figure 4 . Effect of the transverse step. Extreme left (A): step of 0.6 µm, no processing. Then from left to right , the transverse step decreases (6.4 µm (B), 2.5 µm (C), 1.3 µm (D) and 0.6 µm (E)) and we process our data with the algorithm described above. Images are 2.5 cm wide and 6 mm depth. The horizontal white line at the bottom left of each image is 500 µm.
Zero delay position
The efficiency of mirror artifact removal increases as the transverse step is decreased. The small transverse step ensures that only small changes occur between two consecutive A-scans.
COMPARISON
In order to compare the efficiency of our PFS system with that of the existing AOM system, we present images of an onion obtained with the two setups. The transverse step is 0.6 µm in both cases. Figure 5 shows the image acquired with the AOMs setup. The frequency shift introduced by the AOMs enables to shift the zero path delay. Thus, the zero position no longer corresponds to the zero frequency and we can differentiate the negative from the positive depths. It may be seen on the right that the mirror image and DC artifact are completely removed. Table 1 shows the advantages and the drawbacks of using a PFS setup compared to an AOM setup.
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Acousto-optic ---P it fib Table 1 . Advantages and drawbacks of using the piezolectric fiber stretcher compared to acousto-optic modulators Advantages Drawbacks • All-guided interferometer: very easy to align and low power loss
• Increased post-processing (time and complexity)
• Low cost (500 $ vs 10000 $)
• Mirror artifact not completely removed • Compact (5 × 5 cm vs 30 × 40 cm, see photo on figure 7)
• Small transverse steps needed (lower scan speed)
• Does not affect the measurement nor request a change of setup when not in use 
CONCLUSION
To conclude, we can say that an implementation of a B-M type scanning with a piezoelectric fiber stretcher in an OFDI setup provides images with greatly reduced artifacts. It is the first time to our knowledge that a B-M-mode scanning with a piezoelectric fiber stretcher has been reported in OFDI or SS-OCT. This technique has three main advantages over the setup using bulk AOMs. Firstly, it is very easy to implement experimentally because the PFS is a fiber-based device with FC-APC connectors. It is not only easy to insert in the setup but it is also very efficient in terms of power transmission since the only small losses are due to the fiber connections. Secondly, it is low cost. Thirdly, it is very compact, occupying a surface of about 25 cm 2 . Thus, this B-M-mode scanning technique with a PSF is a very promising approach to remove depth degeneracy in OFDI or SS-OCT.
